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Abstract
Stem cell transplantation has evolved as a promising experimental treatment approach for stroke. In
this review, we address the major hurdles for successful translation from basic research into clinical
applications and discuss possible strategies to overcome these issues. We summarize the results from
present pre-clinical and clinical studies and focus on specific areas of current controversy and
research: (i) the therapeutic time window for cell transplantation; (ii) the selection of patients likely
to benefit from such a therapy; (iii) the optimal route of cell delivery to the ischemic brain; (iv) the
most suitable cell types and sources; (v) the potential mechanisms of functional recovery after cell
transplantation; and (vi) the development of imaging techniques to monitor cell therapy.
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Introduction
Stem cell transplantation offers an exciting new therapeutic avenue for stroke not only to
prevent damage, which has been the focus of conventional therapeutic strategies, but also to
actually repair the injured brain. Cell transplantation has shown much promise in experimental
models of stroke with a diverse array of cell types including brain-, bone marrow-, and blood-
derived progenitors reported to enhance functional recovery after ischemic (reviewed in Bliss
et al., 2007) and hemorrhagic stroke (reviewed in Andres et al., 2008b). Such results led to
early Phase I and II clinical trials (Table 1; reviewed in Andres et al., 2008a; Locatelli et al.,
2009; Wechsler, 2009) using a cell line of immature neurons (hNT) derived from a human
teratocarcinoma, fetal porcine cells, or autologous mesenchymal stem cells (MSCs). These
studies focused on the safety and feasibility of cell transplantation therapy. No cell-related
adverse effects were reported with the hNT (Kondziolka et al., 2005; Kondziolka et al.,
2000) and MSC transplants (Bang et al., 2005). However, 2 of the 5 patients receiving the
porcine cells either developed seizures or aggravation of motor deficits (Savitz et al., 2005);
the contribution of the cell therapy to these adverse effects is unclear. Conclusions about
efficacy of the different treatments are difficult to draw due to small sample sizes for each trial.
Moreover, these studies were not designed to determine whether treatment improved outcome;
however, notable improvements were observed in some patients with stable chronic deficits in
some of these studies. Clearly, cell transplantation for stroke is still in its infancy and much
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more work is needed to make it a viable therapy. In this article we discuss critical inter-related
issues that need to be addressed to optimize the success of this approach.

Therapeutic Time Window
A major promise of cell therapy is that it will open the therapeutic time window of intervention,
thus benefiting a significantly larger patient population. The literature reports a wide range of
successful stroke-to-transplantation intervals. The majority of pre-clinical studies have
transplanted within the first 3 days after stroke and these have mostly used bone marrow- or
blood-derived cells (reviewed in Bliss et al., 2007; Guzman et al., 2008a; Locatelli et al.,
2009). This time window is already greater than the 3–6h window required for t-PA therapy,
the only treatment for stroke that currently exists. Cell enhanced recovery has also been
reported with sub-acute (1 week post-stroke) and chronic (> 3 weeks post-stroke) delivery of
many cell types including neural cells (Borlongan et al., 1998; Chen et al., 2001; Daadi et al.,
2008; Pollock et al., 2006; Shen et al., 2007b; Zhao et al., 2002). However, comparison of the
results to identify an optimum time for transplantation is difficult as the studies used different
models of stroke, cell types, methods of cell delivery, and behavioral tests to assess efficacy.
This highlights the need for a more methodical and standardized approach to pre-clinical
research so that direct comparisons can be made between individual studies.

The optimum time for transplantation may be dependent on the cell type used and their
mechanism of action. If a treatment strategy focuses on neuroprotective mechanisms, acute
delivery will be critical. If the cells act to enhance endogenous repair mechanisms (e.g.
plasticity and angiogenesis), then sub-acute delivery would be pertinent as these events are
more prevalent in the first few weeks after ischemia (Carmichael, 2006; Hayashi et al.,
2003). The route of delivery (discussed later) may also dictate the timing of transplantation.
Intravascular transplantation may require early administration as the cells use inflammatory
signals to home to the injured brain (Guzman et al., 2008a; Guzman et al., 2008b; Park et al.,
2009; Pluchino et al., 2005), although MSCs were also found in the brain after late intravascular
delivery (1 month post-stroke) (Shen et al., 2007b). In contrast, intraparenchymal injection of
cells would benefit from later delivery once the initial inflammatory response has subsided, as
this affords greater cell survival (Grabowski et al., 1994; Kelly et al., 2004).

All of the aforementioned clinical trials opted for delivery of cells in the post-acute phase of
stroke (see Table 1). How the timing of transplantation affected the outcome of these trials is
not clear, but they at least demonstrate that delivery of cells at different times is feasible.
Ultimately, once we have a better understanding of how the cells interact with the brain and
vice versa, non-invasive imaging techniques could be used to determine the optimum time for
transplantation on a patient-by-patient basis (as discussed further below).

Patient Selection
Choosing the right patient population for clinical trials will be vital to determine efficacy. In
addition to the therapeutic time window discussed above, other fundamental issues still need
to be addressed at the pre-clinical level.

Patient age and sex
Stroke is a heterogeneous disease that typically affects elderly patients with significant
comorbidities such as atherosclerosis, hypertension and diabetes mellitus. In addition, men and
women have different risk factors for stroke, exhibit different stroke pathologies, and respond
differently to treatment (Bushnell, 2008; Lang and McCullough, 2008; Locatelli et al., 2009;
Reeves et al., 2008; Wilson et al., 2008). However, most pre-clinical studies are performed in
healthy, young adult, male laboratory animals, which fail to represent the complex human
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pathology. As we move forward it will be critical to address these issues, as recommended by
the pre-clinical STEPS (Stem cell Therapeutics as an Emerging Paradigm in Stroke)
consortium (Borlongan et al., 2008; Wechsler et al., 2009). For example, a body of work from
the Chopp group (Gao et al., 2005; Li et al., 2005; Zacharek et al., 2007) implies that MSC
transplantation aids recovery in part by modulating the host astrocytic response to stroke, yet
there are marked sex differences in how astrocytes respond after stroke (Cordeau et al.,
2008), which questions whether MSCs would have the same efficacy in male and female rats.
Similar issues pertain to the response of the aged brain to stroke; aged rats showed higher
astrocyte reactivity, increased macrophage recruitment, and delayed neuronal death after
hemorrhagic stroke, as compared to younger animals (Wasserman et al., 2008). Moreover, the
extent of ischemic damage and blood-brain barrier breakdown increased with aging in female
mice, whereas male animals showed opposite effects (Liu et al., 2009). In addition, as we move
towards clinical trials, cell dosage becomes an important question in terms of efficacy and
tolerance; these parameters may also have sex and age-related differences (Park et al., 2009)
which must be taken into consideration when designing pre-clinical studies.

Lesion location and size
Lesion location and size will be important factors in determining patient suitability for cell
therapy. The majority of pre-clinical studies show cell-enhanced recovery after striatal lesions
(reviewed in Bliss et al., 2007; Guzman et al., 2008a; Hicks and Jolkkonen, 2009; Locatelli et
al., 2009) although cell-induced improvements with cortical lesions are also reported (Hicks
et al., 2009; Shyu et al., 2006; Zhao et al., 2002). However, not all studies find that cell therapy
is effective (Hicks et al., 2008). Two groups report that neural progenitor cells (NPCs) improve
recovery, but only if combined with enriched housing (Grabowski et al., 1995; Hicks et al.,
2007), and we found very little effect of hNT cells in cortical stroke (Bliss et al., 2006) despite
multiple studies showing efficacy of the same cells with striatal stroke (Borlongan et al.,
1998; Saporta et al., 1999). Similarly, Makinen et al (Makinen et al., 2006) found no behavioral
improvement after transplantation of human umbilical cord blood stem cells while other studies
using similar cells, stroke model, and timing of transplantation did report recovery (Borlongan
et al., 2004; Chen et al., 2001; Vendrame et al., 2004). Such ‘negative’ data, which are often
not published, are important to consider, as they will help define the optimal conditions for
cell transplant therapy. For example, do ‘negative’ studies use different behavior tests, or
perhaps include animals with larger lesions while ‘positive’ studies exclude animals with large
or very small lesions? More discussion of inclusion/exclusion criteria is required in the field
(Dirnagl, 2006; Macleod et al., 2004). ‘Negative’ studies also highlight the need for a
collaborative effort among multiple laboratories to confirm the efficacy of a particular stem/
progenitor cell using the same study parameters (stroke model, timing of transplantation,
behavior tests, rodent strain, age and gender) (Borlongan et al., 2008). Despite being expensive
and very labor intensive, these confirmative studies bring an unprecedented degree of veracity
that is essential for translation of cell therapy to the clinics.

Ischemic versus hemorrhagic stroke
The pathophysiology and mechanisms of recovery differ between ischemic and hemorrhagic
strokes (Xi et al., 2006). For example, there is no salvageable penumbra with intracerebral
hemorrhage (ICH) unlike ischemic stroke (Qureshi et al., 1999), and patients with ICH do not
suffer from reperfusion injury with its burst of free radical production (Kleinig and Vink,
2009). Toxic blood breakdown products like thrombin, hemoglobin, and iron additionally
contribute to neuronal damage after ICH (Hua et al., 2007; Wang et al., 2002). Therefore, it is
plausible that hemorrhagic and ischemic stroke may respond differently to cell therapy and
should be tested separately in clinical trials (Andres et al., 2008b; Wechsler et al., 2009).
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Route of Cell Delivery
Functional recovery has been reported with intracerebral, intravascular, and
intracerebroventricular delivery of cells (reviewed in Andres et al., 2008a; Bliss et al., 2007;
Guzman et al., 2008a; Hicks and Jolkkonen, 2009), but the best route is not apparent.
Intracerebral delivery results in more transplanted cells in the brain targeting the lesion
compared to other delivery routes (Jin et al., 2005). It is speculated however, that intravascular
delivery may be more appropriate for larger lesions as it could lead to wider distribution of
cells around the ischemic area (Guzman et al., 2008a). But do the cells need to be near the
lesion to be effective? In support of this, Guzman et al (Guzman et al., 2008b) found greater
homing of CD49d+ NPCs to the brain after intraarterial injection compared to CD49d− cells,
which correlated with increased recovery. However, it is unclear if increased homing is the
critical parameter or whether the CD49d+ cells are more efficacious for other reasons. Many
studies using systemic delivered cells find significant functional recovery with very few
(Guzman et al., 2008a; Hicks and Jolkkonen, 2009; Li et al., 2002; Vendrame et al., 2004) or
sometimes no cells (Borlongan et al., 2004) entering the brain. Even with intracerebral delivery,
proximity of the graft to the lesion may not be important: Modo et al found equal functional
recovery when cells were grafted in the ipsi- or contralesional hemispheres (Modo et al.,
2002), and recent work from our lab revealed that the hNPCs exerted their major effect one
week before they migrated to the lesion (Horie et al., 2009b). Thus, the need for transplanted
cells to be near the lesion, or even in the brain requires further investigation.

Each route of delivery has safety issues. Intravascular delivery is less invasive than injection
into the brain but raises concerns of cells sticking together creating microemboli, and cells
homing to other organs. Intraarterial (intracarotid) administration is preferable to intravenous
infusion, allowing first-pass delivery resulting in better targeting of cells to the brain (Fischer
et al., 2009; Harting et al., 2009; Lappalainen et al., 2008) and fewer cells found in other organs
(Guzman et al., 2008a; Hicks and Jolkkonen, 2009). However, Bang et al reported no adverse
effects of intravenous infusion of MSCs in their clinical trial; this was based on only 5
patients (Bang et al., 2005). Intraparenchymal transplantation avoids this biodistribution issue,
but is more invasive and often results in a physical mass of cells which itself could disrupt the
healthy tissue. The Phase I and II clinical trials with hNT cells transplanted into several striatal
sites surrounding the lesion did report some adverse events in 4 out of 30 patients including a
seizure and subdural hemorrhage; whether the transplantation surgery contributed to these
events is unclear (Kondziolka et al., 2005; Kondziolka et al., 2000). Transplantation into the
lesion cavity is being investigated by other groups (Bible et al., 2009; Park et al., 2002). The
cavity presents a hostile inflammatory environment that lacks trophic support. As proximity to
blood vessels and the extent of inflammation can influence graft survival (Colton, 1995;
Grabowski et al., 1994; Kelly et al., 2004), it is probable that cells will need to be encapsulated
or delivered within a scaffold to facilitate their survival in the cavity. This strategy raises issues
such as biocompatibility of the matrix material with the patient and the transplanted cells.
Intracisternal and intraventricular delivery routes are also being tested (Kim et al., 2004; Li et
al., 2006a; Zhang et al., 2003). In summary, the optimum route of human stem cell delivery
has not been determined but will ultimately depend on the timing of delivery, the cell type
used, and their mechanism of action.

Cell Type and Source
A variety of human cell types have been tested in experimental stroke (reviewed in Bliss et al.,
2007): (1) neural stem/progenitor cells; (2) immortalized cell lines; and (3) hematopoietic/
endothelial progenitors and stromal cells isolated from bone marrow, umbilical cord blood,
peripheral blood, or adipose tissue. To become a useful therapeutic option, cells must show
efficacy, have a large expansion capacity in culture to meet the eventual clinical demand, and
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must meet strict criteria for stability and safety. We address this with respect to the different
cell types below.

(1) Neural progenitor cells
NPCs have the potential to become neurons, astrocytes and oligodendrocytes, which might be
advantageous given that stroke injury damages all three cell types. However, the involvement
of cell replacement in functional recovery is not understood (discussed in the Mechanism
section below). NPCs can be derived from several sources.

(a) Human Embryonic stem cell (hES)-derived NPCs—hES cells can be differentiated
into NPCs by various methods (Daadi et al., 2008; Koch et al., 2009; Reubinoff et al., 2001;
Studer, 2001; Zhang et al., 2001). Whether different protocols, or even if different hES lines
result in distinguishable populations of NPCs is not understood, but enhanced recovery after
transplantation into the stroke brain has been reported by several groups using different
preparations of hES-derived NPCs (Daadi et al., 2008; Hicks et al., 2009; Ikeda et al., 2005;
Theus et al., 2008). Moreover, integration into the host brain has also been reported
(Buhnemann et al., 2006; Hayashi et al., 2006, Daadi et al,. 2009a). Although there are ethical
concerns regarding the use of hES cells, these may eventually be overcome by the use of IPS
cells (induced pluripotent stem cells), whereby somatic cells such as fibroblasts can be
reprogrammed to become ES-like cells by the addition of 3 or 4 critical factors (Park et al.,
2008; Takahashi et al., 2007).

An advantage of hES cells is their capacity to propagate in culture over many passages
providing a virtually unlimited supply of NPCs, which is advantageous for clinical application.
However, batch-to-batch variations in the resultant NPCs may be an issue. The price of this
proliferative capacity is the tendency of hES cells to form tumors (Carson et al., 2006) and it
is imperative that undifferentiated hES cells are removed from NPC preparations. Proof that
hES-derived cells are safe may prove difficult in pre-clinical studies as Erdo et al (Erdo et al.,
2003) showed that xenografts are less tumorigenic than allografts. Therefore, the true
tumorigenic potential of human cells may not be realized until they are tested in patients. Yet,
despite these concerns, Geron received FDA approval to use hES-derived NPCs in a clinical
trial for acute spinal cord injury, although this has recently been put on hold pending FDA
review of new non-clinical animal study data related to microscopic cyst formation in the
regenerating injury site (www.geron.com/media/pressview.aspx?id=1188).

(b) Fetal-derived NPC—The first clinical trial (Phase I) using human fetal CNS-derived
stem cells (HuCNS-SCs) was recently completed for Batten disease, a CNS lysosomal storage
disease (Taupin, 2006). Although the results have not been published, it’s been informally
reported (Steiner et al., 2009; www.stemcellsinc.com/news/090608.html) that the HuCNS-SC
transplantation was well tolerated, and autopsy of a patient who died of the disease showed
evidence of donor cell survival in the brain for close to a year. We used similar cells in a cortical
stroke model and found good survival and migration towards the lesion (Kelly et al., 2004),
and recently demonstrated improved functional recovery with these cells (unpublished data).
Ishibishi et al (Ishibashi et al., 2004) also found functional recovery with fetal derived NPCs.
The tumorigenic potential of fetal-derived NPCs is less than hES-derived cells, although
thorough characterization of the cells is vital (Amariglio et al., 2009; Jandial and Snyder,
2009). The more limited in vitro expansion potential of fetal-derived cells compared to hES
cells may be problematic for adequate clinical supply. However, this will depend on the
expansion characteristics inherent to each particular stem cell line.
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(2) Cell lines
Several human neural cell lines are reported to elicit functional recovery after stroke
(Borlongan et al., 1998; Chu et al., 2004; Jeong et al., 2003; Stroemer et al., 2008). These cell
lines are immortalized, either because they originate from a teratocarcinoma (such as the hNT
neurons; Andrews et al., 1984; Newman et al., 2005), or because they are transformed with an
oncogene like myc; this is the case for the human fetal neural stem cell line ReN001 from
ReNeuron (Stroemer et al., 2008) which is currently being considered for stroke clinical trials
in the UK (www.reneuron.com). Being immortalized, these cell lines have the advantage of
potentially unlimited expansion in culture. However, the risk of malignant transformation of
immortalized cells remains an issue. Retinoic acid was used to differentiate the teratocarcinoma
NT2 cell line into post-mitotic neurons (hNT cells) (Newman et al., 2005), and no signs of
tumorigenicity were reported after a 2 year follow up in stroke patients (Kondziolka et al.,
2005). In one transplanted stroke patient who died of a myocardial infarct 27 months after
injection of the cells, autopsy revealed survival of the hNT cells with no deleterious effects or
inflammation (despite only 2 months of immunosuppression) and no tumor formation (Nelson
et al., 2002). ReNeuron took a different approach and created a conditionally immortalized cell
line where c-myc is only active in the presence of tamoxifen (Stroemer et al., 2008); a successful
Phase 1 clinical trial with these ReN001 cells will set precedence for such a strategy. Another
concern with immortalized cell lines is their potential divergence from neural stem/progenitor
cells over time in culture as has been reported for the C17.2 immortalized mouse cell line (Mi
et al., 2005). Therefore, strict characterization of immortalized lines will be essential to confirm
the stability of such cell lines in a stem/progenitor state.

(3) Blood, bone marrow, and adipose tissue-derived progenitor cells
The majority of stroke and progenitor cell transplantation studies employed non-neural cells:
human bone marrow cells (HBMC), human umbilical cord blood cells (HUCBC), peripheral
blood progenitor cells, and adipose tissue mesenchymal progenitor cells have all been reported
to enhance recovery after stroke with intracerebral or intravascular delivery, and with acute (1
day), sub-acute (1 week), or chronic (1 month) delivery after stroke (Bliss et al., 2007; Guzman
et al., 2008a; Hicks and Jolkkonen, 2009; Shen et al., 2007b). HBMC and HUCBC are
composed of many cell types including hematopoietic and endothelial stem/progenitor cells
(CD34+), MSCs (CD34−), and immature lymphocytes and monocytes (Erices et al., 2000;
Newman et al., 2004; Nieda et al., 1997; Parr et al., 2007; Vendrame et al., 2004). It is not clear
which cells are important to elicit recovery as enhanced function is reported with different cell
populations (reviewed in Bliss et al., 2007). These cells lack the ethical issues associated with
embryonic- and fetal-derived cells. They are easily obtained offering the potential of
autologous transplants, obviating the need for immunosuppression regimes. Even with
xenogenic transplants, MSCs are thought to be hypoimmunogenic, as they do not initiate T
cell priming or humoral antibody production (Li et al., 2002; Li et al., 2006b; Ryan et al.,
2005). However, these cells show poor survival when injected, due either to lack of trophic
support or through triggering the innate immune system. Such poor survival may be a
disadvantage of these cells, although functional recovery is sustained out to one year (Shen et
al., 2007a). Another advantage of these cells is that they are already in clinical use for malignant
and non-malignant disorders (Horwitz et al., 1999; Koc et al., 1999; Wakitani et al., 2004), and
have been tested in a stroke clinical trial (Bang et al., 2005). Furthermore, four additional stroke
clinical trials are currently underway with these cells, and one additional trial approved (Table
2).

Other cell safety and manufacturing issues
Most cells transplanted in experimental stroke models are a heterogeneous population. As
discussed above, HBMCs and HUCBCs contain multiple cell types, as do NPCs, which are
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composed of multipotent stem/progenitor cells in addition to cells already committed to a
neuronal or glial fate. It is not understood which cell type, or if a certain ratio of cell types, in
these heterogeneous populations are important for functional recovery. This is important to
consider as we ride the wave of hope and hype from successful rodent transplant studies, as a
sobering lesson can be learned from the Parkinson’s field. Dyskinesia is a major side effect in
Parkinson’s patients that have undergone transplantation therapy. Recent work by Carlsson et
al (Carlsson et al., 2009) revealed that the ratio of dopaminergic and serotoninergic grafted
neurons play an important role in dyskinesia development, with an increasing ratio of
serotonergic neurons being detrimental. Understanding the ‘active population’ will also be
important for cell manufacturing as cell populations drift with time in culture and it will be
necessary to monitor this to derive a clinically active product. Furthermore, cell karyotype must
also be monitored as changes can occur with time in culture leading to aneuploidic cells.

Potential Mechanisms of Transplanted Cell-Mediated Recovery
It is valuable to understand how cell transplantation affects the host brain. This knowledge will
help elucidate the mechanism of action of the transplanted cells, improve their efficacy, and
perhaps more importantly, it will also highlight potential side effects. As questions of
mechanism are addressed it will be key to investigate both the spatial and temporal effects of
the transplanted cells as ‘too much of a good thing can be bad’, as will be discussed
(Carmichael, 2009). It is likely that transplanted cells will have multiple modes of action which
will be dependent on cell type, timing and route of administration.

Integration into the host brain
An attraction of NPCs cells is their potential to replace lost circuitry; however evidence for
this is limited. Transplanted NPCs in a rat model of global ischemia (Toda et al., 2001) and
hNT neurons in a model of traumatic brain injury (Zhang et al., 2005) have been reported to
express synaptic proteins. In the ischemic brain, electron microscopy studies revealed that
human NPCs form synapses with host circuits (Ishibashi et al., 2004, Daadi et al,. 2009a), and
two groups demonstrated that hNPCs had electrophysiological properties characteristic of
functional neurons (Buhnemann et al., 2006, Daadi et al,. 2009a ). However, only very few
synapses are seen, and recovery occurred too early to be attributable to newly formed neuronal
connections (Englund et al., 2002; Song et al., 2002). Moreover, recovery is also reported with
non-neuronal cells (e.g. MSCs). Together, this implies that neuronal replacement is not a major
contributor to cell-induced recovery. Astrocytes play multiple roles in the brain including
neuroprotection (Chen and Swanson, 2003; Panickar and Norenberg, 2005), regulation of
synapse formation and activity (Allen and Barres, 2005), and involvement in the neurovascular
unit which is important for blood brain barrier maintenance and coordinating blood supply
with brain activity (Lok et al., 2007). Therefore, integration of astrocytes into the host brain
will be as important as neuronal integration. White matter damage is another hallmark of stroke
injury and replacement of lost oligodendrocytes to remyelinate axons would be beneficial.
Remyelination by human NPCs was reported in spinal cord injury (Cummings et al., 2005),
however, to date there are few reports of transplanted NPCs becoming oligodendrocytes in the
ischemic brain (Daadi et al., 2008, Daadi et al., 2009a).

Neuroprotection
Acute cell delivery, within the 48h post-injury, often reduces lesion size and inhibits apoptosis
in the penumbra, suggesting an important role for cell-induced neuroprotection in enhancing
recovery (reviewed in Bliss et al., 2007; Guzman et al., 2008a; Hicks and Jolkkonen, 2009).
A myriad of cells types elicit this effect, from NPCs, to bone marrow- and blood-derived cells.
Common to all is the secretion of trophic factors such as vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), glial cell-derived neurotrophic factor (GDNF), and
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brain-derived neurotrophic factor (BDNF) that are likely to contribute to this neuroprotective
mechanism (Kurozumi et al., 2005; Llado et al., 2004).

Immunomodulation
Attenuation of stroke-induced inflammation is an emerging effect of transplanted cells.
Intravenous injection of HUCBC (Vendrame et al., 2005) or human NPCs (Lee et al., 2008)
reduced leukocyte numbers in the brain. Direct injection of human MSCs into the hippocampus
after global ischemia downregulated many inflammatory and immune response genes and
shifted the balance from a pro- to anti-inflammatory response (Ohtaki et al., 2008). These
studies used acute cell delivery, and whether the results are a direct effect on the inflammatory
response or a secondary effect attributable to a reduction in cell death is not clear. However,
MSCs and NPCs can suppress T cell proliferation and modulate T cell induction in vitro
possibly by releasing immunosuppressive cytokines and factors (Einstein et al., 2007; Nasef
et al., 2007; Ryan et al., 2005; Tse et al., 2003; Yanez et al., 2006). Understanding the temporal
effect of transplanted cells on inflammation will be critical as, like many therapeutic targets
for stroke, inflammation has a dual role (Lo, 2008); during the acute phase, inflammation is
detrimental mediating cell death, but in the recovery phase inflammation is beneficial for
removal of cellular debris and neurovascular remodeling. Therefore, long-term attenuation of
inflammation may not be advantageous.

Enhancing endogenous repair processes
There is mounting evidence that cell therapies can enhance many endogenous repair processes
that occur after stroke.

(a) Vascular regeneration—Increased vascularization in the penumbra within a few days
after stroke correlates with improved neurological recovery in patients (Krupinski et al.,
1993; Senior, 2001) and offers a potential target for cell therapy. Transplanted cell-induced
blood vessel formation has been reported with BMSCs, NPCs, HUCBCs and cells from human
peripheral blood (Chen et al., 2003b; Horie et al., 2008; Shen et al., 2006; Shyu et al., 2006;
Taguchi et al., 2004). The ability of transplanted cells to increase levels of angiogenic factors
(e.g. VEGF, FGF, GDNF, BDNF) and chemoattractant factors (e.g. SDF-1), either by direct
secretion of the factor or by inducing host expression (Chen et al., 2003b), is likely to be
important to stimulate proliferation of existing vascular endothelial cells (angiogenesis) and
mobilization and homing of endogenous endothelial progenitors (vasculogenesis).
Understanding the spatial and temporal effect of the transplanted cells on the vasculature is
critical as uncontrolled vascularization can be detrimental as observed in certain retinopathies
(Aiello, 2000). Recent data from our group finds that transplanted NPCs enhance
vascularization in the penumbra but not in healthy tissue, and that the initial increase in vessels
is followed by vascular regression, which mirrors the vessel dynamics in control animals
(Horie et al., 2008). This is important therapeutically as it demonstrates that NPCs affect the
vasculature in a tightly controlled manner.

(b) Induction of host brain plasticity—An increase in endogenous brain structural
plasticity and motor remapping after ischemia is postulated to underlie the spontaneous
recovery seen after stroke (Carmichael, 2006; Carmichael, 2008; Dancause et al., 2005;
Stroemer et al., 1995), and cell transplantation may enhance this. HUCBCs increased sprouting
of nerve fibers from the contralateral to the ischemic hemisphere (Xiao et al., 2005), and our
group has observed a similar phenomenon with fetal-derived NPCs (Horie et al., 2009a) and
hES-derived NPCs (Daadi et al., 2009b). We have also observed that NPCs enhance dendritic
branching in both the ipsi- and contralesional hemispheres (Horie et al., 2009a). Shen et al
(Shen et al., 2006) reported increased synaptophysin expression after intravenous delivery of
HBMCs, and we found that NPCs enhance synaptogenesis in vitro, which is partly mediated
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by thrombospondin secretion. While these data are cause for hope, a note of caution must be
taken from Hofstetter et al (Hofstetter et al., 2005) who found that NPCs grafted in a model of
spinal cord injury induced aberrant axonal sprouting which was detrimental, leading to
allodynia-like forepaw hypersensitivity.

(c) Recruitment of endogenous progenitors—Endogenous neurogenesis increases
after stroke (Arvidsson et al., 2002; Jin et al., 2001). The function of this is not understood but
may signify a natural repair mechanism of the brain that could be enhanced by transplanted
cells. There is precedence for this with cord blood- and bone marrow-derived cells (Chen et
al., 2003a; Taguchi et al., 2004). Moreover, MSC-treated rats demonstrated elevated
oligodendrocyte precursors, which increased in concert with enhanced white matter areas (Li
et al., 2005; Li et al., 2006b; Shen et al., 2006). In addition to local effects on the damaged
tissue, transplanted cells may recruit progenitors from other tissues. For example, they could
mobilize endogenous endothelial progenitors into circulation to enhance vascularization.

In vivo Monitoring of Cell Therapy
Clinical studies will benefit from non-invasive methods to monitor the transplanted cells.
Several imaging techniques like magnetic resonance imaging (MRI) (Guzman et al., 2007;
Yano et al., 2005), bioluminescence imaging (BLI) (Love et al., 2007), positron emission
tomography (PET) (Love et al., 2007), and in vivo fluorescence microscopy (Yano et al.,
2005) have been used to track transplanted stem cells in vivo. Tagging the cells with
nanoparticles (such as superparamagnetic iron oxide (SPIO)) allows them to be monitored by
MRI (Weissleder et al., 1997). Several studies have demonstrated the feasibility to
longitudinally track transplanted stem cells in experimental models of stroke (Guzman et al.,
2007; Hoehn et al., 2002; Modo et al., 2004) and in a clinical trial for traumatic brain injury
(Zhu et al., 2006). However, as released iron oxide particles from dead cells give the same MR
signal, MRI cannot assess graft survival, and dilution of SPIOs when cells proliferate may
significantly affect longitudinal studies (Guzman et al., 2007; Yano et al., 2005). BLI
overcomes this issue, as it requires expression of the luciferase reporter gene that is transfected
or transduced into the cells prior to transplantation. After administration of the substrate D-
luciferin, cells can be tracked by quantification of photon emission. Since this modality depends
on an active enzyme, it allows assessment of transplanted cell viability. However, current BLI
methods provide only two-dimensional images with low spatial resolution, and downregulation
of luciferase expression would give a false negative result. Transplantation of cells harboring
a PET reporter gene (Yaghoubi and Gambhir, 2006) is another approach to track cells in
vivo. The detection threshold of PET is 7 log orders more sensitive than MRI (Gambhir et al.,
2000), but the disadvantage is that PET has a low spatial resolution and lack of anatomical
information. In the future, multimodal imaging, combining MRI, BLI, and PET imaging
techniques, will be used to combine the strengths and off-set the limitations of each technique
(Ray et al., 2007); combined BLI and PET has been used in clinical trials involving patients
with recurrent gliomas (Jacobs et al., 2001).

In addition to monitoring the transplanted cells, in vivo imaging will also be necessary to
monitor the response of the brain to cell therapy. Functional imaging studies including PET
(to monitor metabolic activity), perfusion studies (to monitor neovascularization and blood
flow), functional MRI (to monitor cerebral plasticity), diffusion-tensor imaging (to evaluate
fiber tract integrity), and MRI tracking of macrophages that have phagocytosed ultrasmall
SPIO particles (to monitor brain inflammation) (Dousset et al., 1999; Jander et al., 2007;
Rausch et al., 2001; Wiart et al., 2007), will be useful surrogate clinical indicators of graft
efficacy. Finally, as more is understood about the mechanism of action of the cells, in vivo
imaging may be useful to predict, on a patient-by-patient basis, when the brain
microenvironment is optimal for cell transplantation. For example, MRI and PET techniques
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allow us to predict if a patient still has a penumbra (Baron, 2001; Schlaug et al., 1999). And,
if enhancing vascularization is important for cell-mediated recovery it might be prudent to
transplant when the angiogenic VEGF receptor is upregulated; we have recently demonstrated
the feasibility of in vivo 64Cu-DOTA-VEGF121 PET imaging for investigating VEGFR
expression kinetics (Cai et al., 2009).

Conclusions
The pre-clinical evidence shows great promise for cell transplantation as a therapy for stroke.
While we can be cautiously optimistic about the reality of such a therapy, many fundamental
questions related to the optimal patient (including age, sex, etiology, anatomic location and
size of infarct, and medical history), the most appropriate cell type, cell dose, the timing of
surgery, the route and site of delivery, the need for immunosuppression, and mechanism of
action remain to be answered. Collaboration between basic scientists, clinicians, industry
partners, and funding bodies is required to translate the potential of cell therapy into a reality
in a timely, but safe and effective manner.
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